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i. INTRODUCTION
Libraries of photomiclear cross sections are needed for a range of new applirni ions including photon radiation therapy, where the impact of secondary rientror, 'ollowing photon interactions with structural and shielding materials in the accelerator must be assessed. In order to generate sucb cross section libraries, we have developed the GNASH code to include photonuclear reactions. This involves (1) modeling the preequilibrium emission of fast nucleons, along with their angular distributions, and (2) modifying the angular momentum couplings appropriate for a spin-one. negative parity (El) photon projectile. With this code it is possible to unravel the experimental measurements shown in compilations such as that of Dietrich and Herman [lj and determine emission spectra of secondary particles that are emitted.
In order to benchmark our new modeling developments we have analyzed pho tonuclear reactions on lead up to 140 MeV, where there exists much experimental data. Lead is of practical interest as a material used for radiation shielding, and in addition we have extensively studied nucleon-inajced reactions on lead [2.3] and have already established many of the input parameters that are needed [2, 3] .
In this report we describe our modeling of photonuclear reactions, and compare our calculations with experimental measurements of excitation functions and multi plicities. We demonstrate that photonuclear data can now be reliably predicted using the GNASH code.
II. MODEL DEVELOPMENTS
A. The photoabsorption mechanism For incident energies below about 30 MeV, the photon wavelength is comparable to the size of the nucleus and photoabsorption proceeds primarily through a collective excitation of nucleus -the giant dipole resonance (GDR) -where the neutron and proton distributions undergo a bulk oscillation against each other. At higher energies, the photon wavelength becomes smaller, and photoabsorption occurs primarily on neutron-proton pairs (quasideuterons), which have a dipole moment and can absorb an El photon. A parameter-free model for quasideuteron (QD) photoabsorption was developed by Chad-wick et al. [4) . Here we follow that work and describe the total cross section for photoabsorption as a sum of two terms: (]) the GDR, often described by a Lorentzian shape; and (2) the QD cross section. Thus, we have We describe the GDR using Lorentzian parameters taken from the compilation of Dietrich and Berman [1]. The quasideuteron cross section is given by [4] N Z
where /. is the Levinger parameter (derived to be (i.o). and /{<•-,} is the Pauli-blocking function, which reduces the free deuteron cross section (7d{<--,) to account for Pauliblocking of the excited neutron and proton by the nuclear medium. The exper imental deuteron photodisintegration cross section was parameterized as ffj(c 7 ) = fil. Even though experimental data for the total photoabsorption cross sections tend to be well described by the sum of a Lorentzian and a QD contribution, as in Eq. (1), there are cases where this description fails, especially for light nuclei where nuclear structure effects strongly modify the shape of the total cross section data as a function of incident energy. Thus we have also included an option to perform the calculation with a previously-evaluated total photoabsorption cross section from an input file.
B. Precquilibrium Emission
Particle and hole excitations are produced in the nucleus following photoabsorption. Particle emission can occur from such a state yielding the typically highenergy preequilibrium emission; or alternatively, a nucleon-nucleon interaction may occur producing more particle-hole excitations. The composite nuclear system passes through such stages of increasing complexity towards equilibrium, and the total pree quilibrium emission is the sum of the contributions from all the preequilibrium stages.
Wu and Change [5] and Blann [6] have successfully applied preequilibrium physics modeling to describe, the emission of high-energy nucleons following photoabsorption. W'u and Chang used an initial 2p'2h stale in the preequilibrium cascade, while Blann argued that the two holes are correlated through the QD mechanism, and therefore should be thought of as one degree of freedom, i.e. a 2plk initial state. We follow Blann's prescription, and use the exciton model in GNASH to calculate the prcequilibrium emission of fast nucleons.
Once the incident photon energy exceeds about 50 MeV, multiple preequilibrium emission (MPE) becomes important, where more than one fast particle is emitted. For this we use the generalized MPE model of Chadwick c.t al. [7] , modified to reflect the initial particle-hole type appropriate for the QD mechanism (i.e. of the two particles, one is a neutron and the other a proton). Thus, if the first preequilibriuni particle emitted from the first 2pl/i stage is a neutron, the second preequilibrium particle must be a proton.
As in nucleon-induced reactions, we expect the angular distribution of preequi librium nucieons to be forward-peaked since the incident projectile's energy and mo mentum are shared among the particle and hole degrees of freedom, and momentum conservation leads to a higher probability of emission in the forward direction. But since the momentum of a photon is considerably smaller than that of a nucleoti for the same energy, the degree of forward peaking will be smaller for photonuclear re actions. It is not possible to use the phenomenological Kalbach systematics for the angular distributions since Kalbach did not consider photonuclear reactions, and very little experimental data exists for mono-energetic photon induced reactions. However. Chadwick and Oblozinsky [S] recently derived a theory for continuum angular dis tributions which provides a physical basis for the Kalbach systematics. This model, which uses state densities with linear momentum to obtain preequilibrium angular distributions, can be applied to obtain the angular distributions of the fast particles. From the preequilibriur.i stage characterized by n excitons the angular distribution is given by an exponential in cosff, G(n,6) = -J --exp(acos0). (4) 4?r e a -e ° The a-parameter governs the degree of forward peaking and is given by where K is the incident photon momentum, k a is the emitted nucleon momentum relative to the bottom of the nuclear well, n r is the number of excitons in the residual nucleus, and m is the nucleon mass. e av is the average exciton energy relative to the bottom of the well as given in Ref. [8] .
C. Compound nucleus decay
We have modified GNASH so that it can describe the correct angular momentum and parity distributions following photoabsorption. We assume that photoabsorption proceeds via the dominant electric-dipole interaction. Our work differs from previous calculations, which do not include angular momentum considerations. This improve ment is likely to have a significant impact in the description of observables sensitive to angular momentum effects, i.e. isomer production cross sections and the cross sections of discrete gamma-ray lines in the residual nuclei that are activated.
Following preequilibrium emission, GNASH describes an open-ended sequence of sequential compound nucleus emissions until all Ihe energy brought in has been exhausted by either particle or gamma-ray decay.
III. RESULTS
In our calculations we use the optical model and level density parameters, de scribed in Ref. [2] , to determine the particle emission rates. We compare our model calculations for lead with experimental data measured at Saclay. Lepretre et al. [9] obtained excitation functions for 20s Pb(7,xn) reactions, for incident photon energies up to 140 MeV. In Figs. 1 and 2 we show these excitation functions for x=l-ll. which describe cross sections for emission of more or equal to x neutrons, compared with our model calculations. The good agreement with measurements supports our modeling of this reaction. The level of agreement that we obtain is comparable to that obtained by Blann using the ALICE code [61.
In Fig. 3 we show our calculated multiplicities for particle emission compared with the measurements of Lepretre et ai [10] . The upper figure shows the average neutron multiplicity, which is well described by our calculations. The lower figure shows the measured fast and slow multiplicitu s at an incident photon energy of 70 MeV, compared with our calculations. These measurements are invaluable for testing the preequilibrium modeling in our calculation, since direct measurements of the nucleon emission spectra from monoenergetic photons do not exist for lead. The fast multiplicity refers to the preequilibrium particles, while the slow multiplicity refers to the equilibrium (compound nucleus) particles, and our calculations are seen to describe the correct partitioning of ejectiles among preequilibrium and equilibrium emission, and between neutrons and protons. The large coulomb barrier in lead is responsible for the excess of fast preequilibrium neutrons compared to protons; at the highest energies the differences are reduced. In general the slow neutron multiplicity is much larger than the fast multiplicities, since preequilibrium decay accounts for at most the first two emissions, with the subsequent sequential particle decays coming from compound-nucleus emission. Slow compound-nucleus proton decay is negligible because of the coulomb barrier.
For the lower photon energies, experimental measurements are summarized in the Livermore compilation of Dietrich and Berman [1] . In a later work, Berman et ai concluded [11] that the earlier Livermore measurements on lead were too low, and therefore here we compare our calculations with the Saclay experiments. In Figs. 4-8 we show the measured total photoneutron cross section, the 208 Pb(-,,ln), 208 Pb(7,2n), the 2!M Pb(-,.'in). and the ph/jioneutron yield cross sections compared with our calcula tions. Again, with the exception of the 20S Pb(7,2n) reaction (which we overestimate, and which therefore also leads to an overprediction of the yield cross section between 15 and 20 MeV), our calculations describe the measurements well. Our calculations all use default input parameters, obtained in our other analyses of nucleon-induced reactions [2.3] , and it is possible that by modifying these parameters we will improve the 208 Pb(-v.2n) calculation. The discrepancy here is related to competition between the (7.In) and the (7,2n) reactions, and is sensitive to the level densities and paring energies used for 20s Pb and 207 Pb.
In Fig. 9 we show our calculated double-differential neutron emission spectra for an incident pnoton energy of 140 MeV. At the low emission energies the emission is seen to be isotropic, and becomes increasingly forward-peaked for the higher emission energies where preequilibrium mechanisms dominate.
While photoneutron emission spectra from mono-energetic photons on lead do not exist, a measurement of the photoneutron spectrum at 67 degrees from bremsstrahiung photons was made at Rensselaer Polytechnic Institute by Kaushal ei al. [13] . This measurement was made by subracting photoneutron speactra re sulting from two separate beams: a bremsstrahiung beam with maximum energy of 85 MeV; and a bremsstahlung beam with maximum energy of 55 MeV. The result ing neutron "difference spectrum" is due to photon incident energies between 55 and 85 MeV (see Kaushal's paper for the spectrum). For simplicity in Fig. 10 we com pare this result with our calculations at 70 MeV, approximately the average incident photon energy.
IV. CONCLUSIONS
We have shown that the photonuclear modeling in GNASH describee the avail able experimental data well up to photon energies of 140 MeV. As there have been no measurements of the emission spectra following monoenergetic photon-induced reac tions, we have tested our calculations by comparing them against excitation functions and multiplicity measurements, and against measured photoneutron spectra from a bremsstrahlung beam.
A complication that we may face when modeling lighter nuclei is that in many cases there are no measurements of the total photonuclear cross section; only the total photoneutron cross section. For light and medium weight nuclei the influence of the coulomb barrier is smaller, and photoproton emission can be significant. In this case it may be necessary to use an iterative approach to establish the total photonuclear cross section, by fitting the measured photoneutron cross section.
We have shown that all the tools needed for the modeling of photonuclear reac tion^ with GNASH are in place, and photonuclear cross section libraries can now be developed.
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